Recent studies on the molecular pathogenesis of Salmonella enterica serotype Typhimurium-induced enterocolitis using tissue culture models and the neonatal calf model have led to an improved understanding of key events occurring during the complex series of host-pathogen interactions leading to diarrhea. In vitro studies show that Salmonella serovar Typhimurium translocates a number of type III secreted effector proteins, including SipA, SopA, SopB, SopD, and SopE2 into host cells. SipA, SopA, SopB, SopD, and SopE2 are required for eliciting infiltration of neutrophils in the calf model of enterocolitis, presumably by inducing the production of chemoattractant chemokines in bovine ileal tissue during Salmonella serovar Typhimurium infection. The resulting acute inflammatory response is associated with an increase in vascular permeability resulting in mucosal edema. Furthermore, the influx of neutrophils is associated with necrosis of the uppermost ileal mucosa. The injury to the intestinal epithelium leads to leakage of extravascular fluids and massive transmigration of neutrophils into the intestinal lumen, a process normally prevented by the epithelial permeability barrier. These data suggest that the severe fluid loss observed during Salmonella serovar Typhimurium-induced enterocolitis is at least in part due to an inflammatory mechanism which causes liquid to flow from the blood to the intestinal lumen.
THE IMPORTANCE IN THE UNITED STATES OF HUMAN DISEASE SYNDROMES CAUSED BY SALMONELLA SEROTYPES
Salmonella serotypes are associated with three distinct human disease syndromes, bacteremia, typhoid fever, and enterocolitis. Of these, bacteremia, a syndrome caused by the porcine-adapted S. enterica serotype Choleraesuis and the bovine-adapted S. enterica serotype Dublin, is encountered least frequently in humans (20, 88) . Typhoid fever, which is caused by the human-adapted S. enterica serotype Typhi, is essentially eradicated from the United States, although foreign travelers returning from areas of endemicity in Asia, Africa, or South America import approximately 800 cases annually, resulting in an estimated 3 deaths (66) . In contrast, enterocolitis is the second most frequent cause of bacterial food-borne disease of known etiology in the United States, with an estimated 1.4 million illnesses per year (66) . Furthermore, with approximately 550 annual deaths, Salmonella-induced enterocolitis is the single most common cause of death from food-borne illnesses associated with viruses, parasites, or bacteria in the United States (66) . The serotype associated most frequently with this diarrheal disease syndrome in the United States is Salmonella serotype Typhimurium, accounting for 26% of all Salmonella isolates reported to the Centers for Disease Control (CDC) in 1998 (10) .
THE USE OF ANIMAL MODELS TO STUDY ENTEROCOLITIS
Most studies on Salmonella pathogenesis elucidate virulence mechanisms using a typhoid fever model, namely Salmonella serotype Typhimurium infection in mice. Salmonella serotype Typhimurium causes a typhoid fever-like disease in mice, with intestinal and extraintestinal lesions closely resembling those observed in typhoid fever victims (56, 58, 74, 76) . One reason for the popularity of this model may be that typhoid fever can be induced experimentally only by oral infection of humans or higher primates (e.g., chimpanzees), whereas lower primates (e.g., rhesus monkeys) or nonprimate vertebrates are resistant to infection with Salmonella serotype Typhi (30) . However, while Salmonella serotype Typhimurium infection of mice results in a typhoid fever-like disease, this pathogen is associated exclusively with enterocolitis in humans. Thus, mice and humans exhibit strikingly different disease syndromes and host responses after infection with Salmonella serotype Typhimurium.
Mice infected with Salmonella serotype Typhimurium have signs of disease (i.e., elevated temperature as indicated by ruffled fur) between 4 and 8 days after oral infection but do not develop diarrhea. The long incubation period and the signs of disease in mice parallel the development of typhoid fever in volunteers. In volunteers infected with Salmonella serotype Typhi, fever manifests as the first symptom after a median incubation period of 5 to 9 days, depending on the challenge dose (42) . Diarrhea is considered to be an insignificant symptom that develops late in infection (subsequent to the onset of fever) and in only one-third of typhoid fever patients (68) . In contrast, volunteers infected with Salmonella serotype Typhimurium develop a clinical illness characterized by diarrhea, vomiting, and abdominal pain after an incubation period of only 12 to 72 h (7). In mice, Salmonella serotype Typhimurium spreads systemically via the circulation and the infection is characterized by severe pathological changes and high bacterial tissue load in Peyer's patches, mesenteric lymph nodes, the liver, and the spleen (74, 76) . A similar systemic distribution of bacteria in tissues has been reported for typhoid fever patients (6, 56), and a low-level bacteremia is typically detected in this syndrome (9, 43) . In contrast, Salmonella serotype Typhimurium infection in humans usually remains localized to the intestine and mesenteric lymph nodes, while bacteremia is uncommon and transient during enterocolitis (60) .
Arguably the most striking difference between the host responses elicited during typhoid fever and enterocolitis is the type of inflammation observed in the intestine. Typhoid fever and murine typhoid are characterized by a slowly developing infiltrate composed predominantly of mononuclear inflammatory cells, resulting in little or no tissue injury. Mice infected with Salmonella serotype Typhimurium develop a diffuse enteritis in the small intestine within 3 to 5 days postinfection which is characterized by an infiltrate composed predomi- nantly of mononuclear leukocytes ( Fig. 1) (87, 90) . Biopsies taken from the upper small intestine of volunteers 3 days after experimental infection with Salmonella serotype Typhi or from typhoid fever patients revealed a diffuse enteritis caused predominantly by a mononuclear leukocyte infiltrate (54, 94) . The mononuclear cell infiltrate observed during typhoid fever may be associated with localized necrosis of Peyer's patches (usually observed in the second week of infection), but the integrity of the epithelium in other areas of the intestine is largely preserved (6) .
Enterocolitis, on the other hand, is characterized by a rapidly developing infiltrate which contains neutrophils as the predominant cell type and which is associated with necrosis of the upper mucosa in large areas of the terminal ileum and colon. Rectal biopsies from patients infected with Salmonella serotype Typhimurium reveal an acute enteritis characterized by an inflammatory infiltrate that is composed primarily of neutrophils (17, 65) . This influx of neutrophils is associated with necrosis of the uppermost mucosa in large areas of the terminal ileum and colon (61) . Collectively, these observations illustrate that Salmonella serotype Typhimurium infections in mice and in humans cause dramatically different intestinal pathologies, elicit different host responses, and result in different disease syndromes. These differences make it difficult to improve our understanding of the pathogenesis of Salmonella serotype Typhimurium infection in humans by extrapolating from data obtained using the mouse model. Despite the differences in the inflammatory responses observed in the intestines of mice and humans, murine ligated ileal loops have been used as a model to assess the contribution of putative virulence factors to the pathogenesis of Salmonella serotype Typhimurium-induced diarrhea (13) . Since the infiltrate elicited by Salmonella serotype Typhimurium in murine ligated ileal loops is composed predominantly of mononuclear cells (2) , this model is of questionable relevance for studying the pathogenesis of enterocolitis. In contrast, infection of rabbit ligated ileal loops with Salmonella serotype Typhimurium results in an infiltrate which contains neutrophils as the predominant cell type (19, 32, 33, 104, 106) . Since infection of rabbit ligated ileal loops closely mimics the host response encountered during Salmonella serotype Typhimurium infection in humans, this model is used frequently for studying enterocolitis. Oral challenge of rabbits with Salmonella serotype Typhimurium results in a diarrheal disease; however, a shortcoming of this model is that the infection does not remain localized to the intestine and bacteria can typically be isolated from blood, the liver, and the spleen (35) . In addition to rabbits, calves have been used to study the pathogenesis of enterocolitis. One Salmonella serotype used to study human enterocolitis in the calf model is serotype Dublin (5, 29, 47, 105) . Although Salmonella serotype Dublin infections in young calves commonly manifest as diarrhea, these infections are highly invasive, and meningoencephalitis, polyarthritis, osteomyelitis, or pneumonia may eventually occur in the absence of diarrhea (79) . Arguably the most significant shortcoming of using Salmonella serotype Dublin to study human enterocolitis is the fact that this serotype causes bacteremia rather than enterocolitis in humans (20) . That is, only about one-third of Salmonella serotype Dublin patients develop diarrhea, while bacteria are cultured from blood in 75 to 91% of cases (20, 97) . In contrast, diarrhea is the prominent symptom during human infections with Salmonella serotype Typhimurium and only 1% of human isolates are from blood (98) . Furthermore, natural or experimental oral infection in calves with Salmonella serotype Typhimurium results in an enteric disease with clinical and pathological features that parallel the disease in humans (87) . Salmonella serotype Typhimurium thus appears to be better suited than Salmonella serotype Dublin to study the pathogenesis of human enterocolitis using the calf model.
Salmonella serotype Typhimurium is the Salmonella serotype most commonly isolated from ill cattle in the United States (80, 111) . Upon oral infection with Salmonella serotype Typhimurium, calves develop clinical signs of disease, including diarrhea, anorexia, fever, dehydration, and prostration, within 12 to 48 h (92, 99, 114) . Usually, oral inoculations with 10 4 to 10 7 CFU cause transient diarrhea that persists for 2 to 8 days, while doses between 10 8 and 10 11 CFU can cause lethal infections (78, 92, 99, 114) . Salmonella serotype Typhimurium causes a localized infection in calves, with the most severe pathological lesions being restricted to the intestinal mucosa and mesenteric lymph nodes (99, 114) . Animals develop a fibrino-purulent necrotizing enteritis characterized by a severe diffuse infiltrate composed predominantly of neutrophils (99, 114) . The neutrophil influx is associated with necrosis of the upper mucosa ( Fig. 1 ), which may result in the formation of a pseudomembrane in the terminal ileum and the cranial 1 to 2 m of the colon (Fig. 2F) (99) . The intestinal pathology and the pattern of inflammatory reaction observed in calves parallel those of Salmonella serotype Typhimurium-induced enterocolitis in nonhuman primates (52, 81) and in humans (17, 65) . Bovine ligated ileal loops have been used successfully to study fluid accumulation and host responses following Salmonella serotype Typhimurium infection (23, 85, 86) . The fact that Salmonella serotype Typhimurium is a natural pathogen of cattle and causes signs of disease and pathology similar to those found in humans infected with this organism makes Salmonella serotype Typhimurium infection of calves an excellent model for studying the pathogenesis of human enterocolitis.
PATHOGENESIS OF SALMONELLA SEROTYPE TYPHIMURIUM-INDUCED DIARRHEA: VIRULENCE FACTORS AND CHLORIDE SECRETION
Much of the work on the pathogenesis of enterocolitis is based on the assumption that similar to Vibrio cholerae, Salmonella serotype Typhimurium causes a secretory diarrhea by stimulating chloride secretion. Giannella and coworkers postulated that an increase in cyclic AMP concentration in the mucosa of rabbit ligated ileal loops infected with Salmonella serotype Typhimurium is a mechanism for fluid secretion (34) . Giannella also noted that depletion of the neutrophil pool by nitrogen mustard treatment of rabbits markedly reduces Salmonella serotype Typhimurium-induced fluid secretion in ligated ileal loops, thereby suggesting that an inflammatory reaction is important for the pathogenesis of enterocolitis (32) . A subsequent study showed that pretreatment of rabbits with nitrogen mustard inhibits fluid secretion in ligated ileal loops induced by both Salmonella serotype Typhimurium and cholera toxin (106) . Since cholera toxin, unlike Salmonella se- rotype Typhimurium, does not cause an inflammatory reaction, it was concluded that the antisecretory effects of nitrogen mustard treatment might not be due to its antiinflammatory activity but may rather be caused by an inhibition of chloride secretion. These observations initiated a search for a cholera toxin-like activity in Salmonella serotype Typhimurium, and a candidate gene termed stn was finally cloned by hybridization with a DNA probe specific for the cholera toxin genes (ctxAB) (12) . Inactivation of the stn gene reduces the ability of Salmonella serotype Typhimurium to induce fluid accumulation in murine ligated ileal loops (13) . A lysate of an Escherichia coli strain expressing the Salmonella serotype Typhimurium stn gene causes fluid accumulation in rabbit ligated ileal loops, and this response can be neutralized with anti-cholera toxin antiserum (12, 77) . Subsequent sequence analysis revealed that the stn nucleotide sequence and its deduced amino acid sequence have no homology to ctxAB and cholera toxin, respectively (14) . Importantly, inactivation of the stn gene does not reduce the ability of Salmonella serotype Typhimurium or Salmonella serotype Dublin to induce fluid accumulation in bovine ligated ileal loops (107, 108, 110) . A number of virulence determinants required for infection of mice have been tested for their role during Salmonella serotype Dublin and Salmonella serotype Typhimurium infection in calves (1, 5, 47, 57, 99-101, 105, 107, 108, 110) . Virulence determinants required for growth at systemic sites of infection in mice, including the type III secretion system (TTSS-2) encoded by Salmonella pathogenicity island 2 (SPI-2) and the Salmonella plasmid virulence (spv) genes, contribute to the systemic infection caused by Salmonella serotype Dublin in calves (5, 57, 105) . In contrast, SPI-2 and the spv operon are of little or no importance during the localized infection caused by Salmonella serotype Typhimurium in calves (99) . These differences likely reflect the fact that Salmonella serotype Typhimurium infection in both calves and humans remains localized to the intestine and mesenteric lymph nodes, while Salmonella serotype Dublin causes a more invasive infection in these two host species (i.e., bacteremia) (20, 87) . However, the invasion-associated TTSS-1 encoded by SPI-1 is of equal importance for the intestinal phase of Salmonella serotype Dublin and Salmonella serotype Typhimurium infection in calves. An intact TTSS-1 is essential for eliciting fluid accumulation and neutrophil influx in bovine ligated ileal loops infected with either Salmonella serotype Dublin or Salmonella serotype Typhimurium (1, 107, 108, 110, 115) . Furthermore, the TTSS-1 encoded by SPI-1 is required for the ability of Salmonella serotype Typhimurium to cause diarrhea and mortality in calves after oral infection (99, 100, 108, 115) . These data suggest that the TTSS-1 is the prime virulence determinant during Salmonella serotype Typhimurium-induced enterocolitis.
The TTSS-1 was initially identified as a virulence factor required for invasion of intestinal epithelial cell lines by Salmonella serotype Typhimurium (28) . The main function of the TTSS-1 is to translocate effector proteins into the cytosol of a host cell (26) (Fig. 3) . Secreted target proteins are transported across the inner and outer membranes of the bacterial cell by the TTSS-1. A subset of these secreted proteins, including SipB (SspB), SipC (SspC), and SipD (SspD), subsequently form a translocation complex in the eukaryotic membrane that is required for the delivery of other effector proteins into the host cell cytoplasm (15, 24, 29, 37, 113) (Fig. 3) . Genes encoding these translocases (SipBCD) and three of the effector proteins, namely SipA (SspA), AvrA, and SptP, are located on SPI-1 (37, 44, (49) (50) (51) . The remaining TTSS-1 effector proteins, including SopA, SopB (SigD), SopD, SopE1, SopE2, SspH1, and SlrP, are encoded by genes located outside of SPI-1 (Fig.  3) (4, 29, 38, 41, 47, 67, 96, 101, 112, 113) . For a detailed discussion of TTSS-1-mediated protein secretion and invasion of host cells the reader is referred to recent review articles (27, 53, 117) .
In Salmonella serotype Dublin, three TTSS-1 effector genes (sopA, sopB, and sopD) have been shown to be required for fluid accumulation and influx of neutrophils in bovine ligated ileal loops (29, 47, 112) . SopB is an inositol phosphate phosphatase which alters phosphatidylinositol signaling in the host cell (75, 116) . It has been suggested that SopB-mediated changes in phosphatidylinositol signaling may result in chloride secretion by epithelial cells, leading to diarrhea through a secretory mechanism (75, 102, 103) . However, the present dogma that Salmonella serotype Typhimurium causes diarrhea by a secretory mechanism is supported only by indirect evidence. The alternate possibility that neutrophil-induced tissue injury is directly responsible for eliciting fluid accumulation by an inflammatory mechanism has never been experimentally refuted. Histopathological evaluation of calf intestinal tissue collected between 18 and 48 h after oral infection with Salmonella serotype Typhimurium reveals necrosis of the uppermost mucosa with complete loss of the intestinal epithelium and discernible villi or crypt structures (Fig. 2F) (99) . The loss of epithelial cells often affects large surface areas and, in severe cases, covers 3 to 4 m of the terminal ileum and the cranial 1 to 2 m of the colon. The absence of epithelial cells in large areas of the intestine in calves with acute diarrhea raises questions about the importance of chloride secretion by epithelial cells during the pathogenesis of enterocolitis. The intestinal pathology suggests that the increased vascular permeability accompanying inflammation in combination with the loss of epithelial integrity could lead to diarrhea by an exudative mechanism (i.e., flow of water and solutes from the blood to the intestinal lumen as a consequence of inflammation).
Unlike chloride secretion, an inflammatory mechanism of fluid secretion would be expected to result in the release of serum proteins into the intestinal lumen, which is attributable to the loss of the intestinal permeability barrier. A comprehensive evaluation of the hematology and blood chemistry profile of orally infected calves has recently been performed to test the prediction that Salmonella serotype Typhimurium-induced diarrhea results in a nonspecific effusion of serum proteins (83) . Calves infected with Salmonella serotype Typhimurium develop neutropenia at days 1 and 2 postinfection, suggestive of severe inflammatory lesions with heavy demand and utilization of neutrophils (83, 92) . An increase in the packed cell volume, the hemoglobin concentration, and relative polycytemia suggest that calves become severely dehydrated, with an estimated average decrease in the plasma volume of 15 to 20% (21, 62, 83) . Importantly, the concentration of total plasma protein decreases significantly and continuously after infection, indicative of increased intestinal permeability associated with severe intestinal protein loss during Salmonella serotype Typhimurium infection (83, 92) . A similar decrease in the concentration of albumin is also detected after infection, indicating that the loss of protein is nonselective (83) . These data are consistent with the idea that an inflammatory mechanism contributes significantly to fluid loss during Salmonella serotype Typhimurium-induced enterocolitis.
If Salmonella serotype Typhimurium causes diarrhea mainly by an inflammatory mechanism, then the onset of fluid accumulation in the intestine would be expected to coincide with a loss of the intestinal permeability barrier. This prediction has been tested experimentally using a bovine ligated ileal loop model, in which fluid accumulation and the development of lesions can be examined at defined time points postinfection. Bacterial invasion of epithelial cells (enterocytes and M cells) can be observed within 15 min after infection of bovine ligated ileal loops ( Fig. 2A and B) . At 1 h postinfection, bacteria can be detected in the lamina propria, where they are localized within mononuclear phagocytes or neutrophils (86) . Early inflammatory changes (mild perivascular neutrophil infiltration with a few neutrophils scattered throughout the lamina propria) are present in the mucosa of loops infected with Salmonella serotype Typhimurium at 1 h postinfection (Fig. 2C) and fluid accumulation begins at 3 h postinfection (85) . Injury to the intestinal epithelium (i.e., detachment of epithelial cells from the tips of absorptive villi) is first detectable at 3 h postinfection in Salmonella serotype Typhimurium-infected loops, thus coinciding with the onset of fluid accumulation (Fig. 2D ) (85, 86) . The pathological changes rapidly progress to a severe neutrophilic inflammation associated with necrosis of the mucosa at 8 h (Fig. 1B and 2E) , and this is accompanied by an increase in the volume of fluid in the lumen of Salmonella serotype Typhimurium-infected loops (85) .
In summary, the experimental evidence currently available is compatible with an inflammatory mechanism for the loss of fluid and protein during Salmonella serotype Typhimuriuminduced enterocolitis. It should be pointed out, however, that a contribution of chloride secretion to the severe fluid loss observed in calves infected with Salmonella serotype Typhimurium cannot presently be ruled out. Neutrophils are predicted to play a crucial role in mediating diarrhea by an inflammatory mechanism, since this cell type in particular is known to release substances (e.g., proteases, myeloperoxidase, and reactive oxygen and nitrogen intermediates) that lead to tissue injury. It is also striking that Salmonella serotype Typhimurium induces an inflammatory infiltrate that is overwhelmingly composed of neutrophils and is associated with diarrhea in the bovine and the human host, while the infiltrate in the mouse is dominated by mononuclear cells and is not associated with diarrhea. These data suggest that the study of virulence mechanisms responsible for eliciting this neutrophil-rich inflammatory infiltrate is of prime importance for understanding the pathogenesis of enterocolitis.
TTSS-1 EFFECTOR PROTEINS INVOLVED IN ELICITING AN INFLUX OF NEUTROPHILS AND FLUID ACCUMULATION
There are two possible mechanisms by which TTSS-1 effector proteins may elicit an inflammatory response in the bovine mucosa. One possibility is that the main role of TTSS-1 effector proteins may be to mediate invasion and transmigration through epithelial cells, which may facilitate recognition by Nods or Toll-like receptors, thereby triggering proinflammatory signaling events (45, 91) . In most Salmonella serotype Typhimurium strains, TTSS-1-dependent invasion of epithelial cell lines is mediated by the concerted action of SopB and SopE2 (Fig. 3) . A small fraction of Salmonella serotype Typhimurium isolates carry in addition a bacteriophage (SopE⌽) which encodes SopE1, a third TTSS-1 effector protein involved in mediating cytoskeleton rearrangements and bacterial internalization (36, 38, 70) . Strains carrying mutations in both sopB and sopE2 (and isolates carrying SopE⌽ in addition to a mutation in sopE1) are not able to invade epithelial cell lines (69, 116) . In contrast, inactivation of either one of these genes by itself has little effect on invasiveness of Salmonella serotype Typhimurium in vitro (69, 116) . Although inactivation of sopB by itself has little effect on Salmonella serotype Typhimurium invasion of epithelial cell lines, it greatly reduces fluid accumulation (Fig. 4) and neutrophil immigration in bovine ligated ileal loops (85) . Inactivation of sipA drastically reduces the ability of Salmonella serotype Typhimurium to elicit fluid accumulation (Fig. 4) and an inflammatory response in bovine ligated ileal loops (115) but causes only a short (5 min) delay during invasion of epithelial cell lines in vitro (46, 118) . Finally, inactivation of either sopA or sopD has no effect on the ability of Salmonella serotype Typhimurium to enter epithelial cell lines but reduces its ability to elicit fluid accumulation (Fig. 4) and neutrophil immigration in bovine ligated ileal loops (115) . The absence of a correlation between the invasiveness of mutants for cultured cell lines and their ability to elicit neutrophil immigration in bovine ligated ileal loops makes it unlikely that the inflammatory response elicited in the bovine mucosa is a mere consequence of bacterial invasion.
An alternative mechanism by which TTSS-1 effector proteins may elicit an inflammatory response is by directly stimulating proinflammatory signaling events in host cells. In vitro studies have shown that the TTSS-1 is directly involved in initiating an inflammatory response by triggering the release of proinflammatory mediators from two different host cell types, macrophages and epithelial cells. Studies with murine macrophage cell lines have found that in addition to its function as a translocase, SipB acts as an effector protein that binds and activates caspase 1, thereby resulting in proteolytic activation of the proinflammatory cytokine interleukin-1␤ (IL-1␤) (39) . SipB-dependent cytotoxicity is also observed during infection of bovine macrophages with Salmonella serotype Typhimurium in vitro (84, 109) . A second possible mechanism involved in Salmonella serotype Typhimurium-induced inflammation is the TTSS-1-dependent production by intestinal epithelial cells of the chemokine IL-8 (CXCL8/IL-8 by current nomenclature) (40) and of an as yet uncharacterized chemoattractant, known as pathogen-elicited epithelial chemoattractant (64) . The TTSS-1-dependent induction of IL-8 in human intestinal epithelial cell lines has been shown to result from an activation of the transcription factors NF-B and AP-1 (40) . A stimulation of nuclear responses and/or the production of proinflammatory mediators is triggered by several TTSS-1 effector proteins in human cell lines in vitro. SopB activates Akt, a serine-threonine kinase that can regulate the transcriptional activity of NF-B (95). SopE1 and SopE2 activate the mitogen-activated protein kinase JNK through direct interaction with small GTPbinding proteins, including CDC42 and (in the case of SopE1) Rac-1 (22, 36) . SipA initiates an ARF6-and PLD-dependent lipid-signaling cascade that elicits the production of an as yet unidentified neutrophil chemoattractant by human intestinal epithelial cell lines (16, 55) . Finally, SopA elicits the production of an as yet unidentified neutrophil chemoattractant in human intestinal epithelial cell lines in vitro by an unknown mechanism (112) . These data support the idea that TTSS-1 effector proteins elicit the production of proinflammatory mediators in the mucosa by directly engaging targets within host cells. SipB is involved in eliciting the release of proinflamma-VOL. 71, 2003 MINIREVIEW 7 on November 10, 2017 by guest http://iai.asm.org/ tory mediators from both macrophages (IL-1␤) and epithelial cells (IL-8) by acting as an effector protein activating caspase 1 or by acting as a translocase delivering other effector proteins, respectively. However, it is not clear from these in vitro data which mechanisms are important for eliciting neutrophil infiltration in vivo. Recent work has begun to bridge the gap between in vitro data and studies on the pathogenesis of enterocolitis in vivo. A nonpolar deletion of sipB results in the same degree of attenuation of Salmonella serotype Typhimurium during oral infection of calves as a deletion of genes (prgHIJK) encoding components of the TTSS-1 secretion apparatus (100) . These data demonstrate that SipB is essential for enteropathogenicity but do not reveal whether this is attributable to its role as an effector protein or to its function as a translocase. The contribution of SipB-mediated macrophage cell death to diarrheal disease has recently been assessed by in situ detection of terminal deoxyribonucleotidyl transferase-dependent UTP nick end labeling (TUNEL)-positive cells in tissue collected from bovine ligated ileal loops to detect double-strand DNA breaks associated with cell death. The area of TUNEL-positive cells per microscopic field was measured by computer morphometric analysis for both mucosa and lymphoid nodules. This study found that there are no significant differences in the area of TUNEL-positive staining between uninfected controls and loops infected with Salmonella serotype Typhimurium, except at 12 h postinfection, when a significant increase in positive TUNEL staining is detected in infected loops (85) . The finding that a significant increase in the number of TUNEL-positive cells is first observed at 12 h post-Salmonella serotype Typhimurium infection, long after the onset of neutrophil influx (1 h postinfection) and tissue injury (3 h postinfection), suggests that the increase in cell death is a consequence rather than a cause of inflammation. Furthermore, these data raise the possibility that attenuation of a sipB mutant is caused by a defect in the translocation of TTSS-1 effector proteins other than SipB itself.
If the main role of SipB is the translocation of effector proteins involved in enteropathogenesis, then inactivation of the genes encoding these effector proteins should reduce the level of inflammation and fluid accumulation in ileal loops to that elicited by a sipB mutant. If, on the other hand, SipBmediated IL-1␤ activation in macrophages is required for eliciting inflammation and fluid accumulation, then inactivation of other effector genes would not be expected to reduce the level of inflammation and fluid accumulation to that elicited by a sipB mutant. These alternate predictions have been tested by determining which TTSS-1 effector genes are required for fluid accumulation in bovine ligated ileal loops using mutational analysis (Fig. 4) . Salmonella serotype Typhimurium or Salmonella serotype Dublin strains having single mutations in sptP, avrA, sspH1, or slrP induce fluid secretion in the bovine ligated ileal loop model at levels similar to that of an isogenic wild type (89, 115) . In contrast, single mutations in sipA, sopA, sopB, (85, 115) and is shown at the top. Mortality caused in groups of four calves after oral infection at a dose of 10 10 CFU/animal with the Salmonella serotype Typhimurium wild type or strains carrying mutations in TTSS-1 effector genes has been reported previously (99, 100, 115) and is shown at the bottom. (115) . These data suggest that the main role of SipB in eliciting fluid accumulation and inflammation is the translocation of SipA, SopA, SopB, SopD, and SopE2. Furthermore, these data suggest that SipB-mediated activation of IL-1␤ in macrophages is not essential for eliciting inflammation and fluid accumulation in calves.
In conclusion, SipA, SopA, SopB, SopD, and SopE2 appear to be the main virulence factors responsible for fluid accumulation and inflammation during Salmonella serotype Typhimurium infection of calves. SipA, SopA, SopB, and SopE2 have also been implicated in eliciting the production of proinflammatory mediators by epithelial cells in vitro (16, 22, 55, 95, 112) , thereby further supporting the notion that mechanisms responsible for eliciting an inflammatory response are of prime importance for understanding the pathogenesis of Salmonella serotype Typhimurium-induced diarrhea.
CHEMOKINES INVOLVED IN ELICITING THE INFLUX OF NEUTROPHILS
An inflammatory infiltrate overwhelmingly composed of neutrophils is characteristic of Salmonella serotype Typhimurium-induced enterocolitis. The type of inflammatory infiltrate that characterizes a specific disease is controlled, in part, by the subgroup of chemoattractant cytokines expressed in the infected tissue (59) . Chemoattractant cytokines are collectively referred to as chemokines and have been divided into two major subfamilies on the basis of the arrangement of the two N-terminal cysteine residues, CXC and CC, depending on whether the first two cysteine residues have an amino acid between them (CXC) or are adjacent to each other (CC) (119) . In general, CC chemokines attract predominantly mononuclear leukocytes (59) . CXC chemokines can be subdivided further into two groups based on the presence of an N-terminal glutamate-leucine-arginine (ELR) sequence motif preceding the first two cysteines. CXC chemokines containing an ELR motif control the migration of neutrophils, whereas CXC chemokines without the ELR motif attract lymphocytes (3, 59) . For instance, viral infections are often accompanied by an inflammatory infiltrate that is dominated by mononuclear leukocytes and is lacking neutrophils, which is thought to be caused by the induction of CC chemokine production with concomitant suppression of CXC chemokine production (8, 93) . On the other hand, CXC chemokines containing an ELR motif are produced during diseases characterized by a massive neutrophil influx, such as acute respiratory distress syndrome (11) . Hence, current models of chemokine function in directing leukocyte trafficking suggest that the neutrophil influx during Salmonella serotype Typhimurium-induced enterocolitis in humans and cattle is likely due to expression in infected tissue of CXC chemokines containing an ELR motif.
The bovine host is known to express five CXC chemokines containing an ELR motif, including IL-8, granulocyte chemotactic protein 2 (GCP-2, or CXCL6/GCP-2), growth-related gene ␣ (GRO-␣, CXCL1/GRO-␣, or melanoma growth stimulatory activity [MGSA]), GRO-␤ (or CXCL2/GRO-␤), and GRO-␥ (or CXCL3/GRO␥) (71) (72) (73) . The acute severe infiltration of neutrophils observed during infection of bovine ligated ileal loops with Salmonella serotype Typhimurium is associated with increased expression of several CXC chemokines, including IL-8, GCP-2, GRO-␣, and GRO-␥, in intestinal tissue (86) . Induction of CXC chemokine production has also been observed during infection of human epithelial cell lines with Salmonella serotype Typhimurium in vitro (18, 31, 40, 48) . The expression of one of these CXC chemokines, IL-8, is induced in human epithelial cell lines by the Salmonella serotype Typhimurium TTSS-1 in vitro (40) . However, the role of TTSS-1 in eliciting expression of GCP-2, GRO-␣, GRO-␤, or GRO-␥ has not yet been investigated. Furthermore, the role of IL-8 during Salmonella serotype Typhimurium-mediated neutrophil recruitment in vivo remains to be determined. Activation of NF-B and expression of IL-8 by Salmonella serotype Typhimurium-infected intestinal epithelial cells requires an increased cytosolic concentration of calcium (31) . Interestingly, down-regulation of a plasma membrane calcium ATPase (PMCA) is observed in bovine Peyer's patches after Salmonella serotype Typhimurium infection (82) . Since PMCA pumps calcium into the extracellular environment, decreased expression of PMCA may result in increased levels of cytosolic calcium, thereby favoring IL-8 expression.
The TTSS-1-dependent induction of CXC chemokine expression is likely to be the outcome of a complex interplay involving the interaction between Salmonella serotype Typhimurium and one or more different cell types present in intestinal tissue. To better understand the pathogenesis of enterocolitis it will be necessary to study this complex process in vivo, since the cell types that may participate directly or indirectly in this host pathogen interaction are presently not known. This is not a trivial question, since expression of CXC chemokines such as IL-8 can be induced in vitro upon appropriate stimulation in nearly every type of cell that has been examined (3, 25) . Furthermore, in vivo studies will be required to further investigate whether fluid secretion is mediated by an inflammatory mechanism, because increased vascular permeability, edema, and neutrophil influx with subsequent necrosis of the upper mucosa are difficult to reproduce using in vitro models. Future in vivo studies using the calf model are thus expected to be useful and necessary to identify relevant questions that can be investigated further using in vitro models. 
